CCR6-Mediated Dendritic Cell Activation of Pathogen-Specific T Cells in Peyer's Patches  by Salazar-Gonzalez, Rosa Maria et al.
Immunity 24, 623–632, May 2006 ª2006 Elsevier Inc. DOI 10.1016/j.immuni.2006.02.015CCR6-Mediated Dendritic Cell Activation
of Pathogen-Specific T Cells in Peyer’s PatchesRosa Maria Salazar-Gonzalez,1,6 Jan H. Niess,3,6
David J. Zammit,2 Rajesh Ravindran,1
Aparna Srinivasan,1 Joseph R. Maxwell,2
Thomas Stoklasek,2 Rajwardhan Yadav,2
Ifor R. Williams,5 Xiubin Gu,3 Beth A. McCormick,4
Michael A. Pazos,4 Anthony T. Vella,2 Leo Lefrancois,2
Hans-Christian Reinecker,3
and Stephen J. McSorley1,*
1Department of Medicine, GI Division and
Center for Infectious Diseases and Microbiology
Translational Research
University of Minnesota Medical School
McGuire Translational Research Facility
TRF DC 2873
2001 6th Street S.E.
Minneapolis, Minnesota 55455
2Division of Immunology
Department of Medicine
University of Connecticut Health Center
263 Farmington Avenue
Farmington, Connecticut 06030
3Gastrointestinal Unit
4Department of Pediatric Gastroenterology
Center for the Study of Inflammatory Bowel Diseases
Massachusetts General Hospital and
Harvard Medical School
55 Fruit Street
Boston, Massachusetts 02114
5Department of Pathology and Laboratory Medicine
Emory University School of Medicine
Whitehead 105D
615 Michael Street
Atlanta, Georgia 30322
Summary
T cell activation by dendritic cells (DCs) is critical to
the initiation of adaptive immune responses and pro-
tection against pathogens. Here, we demonstrate
that a specialized DC subset in Peyer’s patches (PPs)
mediates the rapid activation of pathogen specific
T cells. This DC subset is characterized by the expres-
sion of the chemokine receptor CCR6 and is found
only in PPs. CCR6+ DCs were recruited into the dome
regions of PPs upon invasion of the follicle associated
epithelium (FAE) by an enteric pathogen and were re-
sponsible for the rapid local activation of pathogen-
specific T cells. CCR6-deficient DCs were unable to re-
spond to bacterial invasion of PPs and failed to initiate
T cell activation, resulting in reduced defense against
oral infection. Thus, CCR6-dependent regulation of
DCs is responsible for localized T cell dependent
defense against entero-invasive pathogens.
*Correspondence: mcsor002@umn.edu
6 These authors contributed equally to this work.Introduction
Intestinal mucosal surfaces are continuously exposed to
antigens from ingested food products and the microbial
flora (Mowat, 2003; Nagler-Anderson, 2001). In addition,
the mucosal immune system periodically confronts
pathogens that penetrate the intestinal epithelial barrier
and invade host tissues (Vazquez-Torres and Fang,
2000). Mucosal lymphoid tissues of the intestine contain
anatomical and functional specializations to improve
surveillance of the local microbial environment and as-
sist initiation of immune responses (Pabst et al., 2004).
Peyer’s patches (PP) are inductive sites for adaptive
immune responses to intestinal antigens and display an-
atomical and functional similarities to peripheral lymph
nodes. However, unlike lymph nodes, PPs do not con-
tain afferent lymphatic drainage or a capsular sinus
and simply acquire foreign antigens directly from the in-
testinal lumen via specialized epithelial microfold cells
(M cells) (Neutra et al., 2001; Rimoldi and Rescigno,
2005). A role for dendritic cells (DCs) in the activation
of pathogen-specific T cells has been suggested by
studies in which orally administered particulate antigens
or bacteria were captured by PP DCs. After sampling of
antigen, the ability of purified DCs isolated from PPs to
induce activation of model antigen- or pathogen-spe-
cific T cells has been assessed ex vivo (Fleeton et al.,
2004b; Hopkins et al., 2000; Kunkel et al., 2003; Liu
and MacPherson, 1993; Pron et al., 2001).
Intestinal DC populations that facilitate antigen sam-
pling, pathogen discrimination, and activation of host
defenses determine the consequences of microbial rec-
ognition. Recent advances have uncovered diverse
mechanisms for the acquisition of intestinal antigens
and led to a new appreciation of the organ-specific func-
tional subspecifications of DC subsets (Niess and Rein-
ecker, 2005). However, the function of specific DC sub-
sets associated with different immune compartments of
the intestine in adaptive immune responses is unknown.
Furthermore, the DC subset responsible for the rapid ac-
tivation of pathogen-specific T cells and their impor-
tance in host defense remains to be defined. Here, we
used mouse strains with a deletion or green fluorescent
protein (GFP) insertion in CCR6 (the receptor for the che-
mokine CCL20), an inducible diphtheria toxin (DT) DC
depletion system, and S. typhimurium flagellin-specific
TCR transgenic mice to identify the DC subset responsi-
ble for T cell activation in the PPs. We show that CCR6-
mediated regulation of PP DCs is responsible for local-
ized CD4 T cell activation and defense against intestinal
pathogens.
Results
S. typhimurium-Specific T Cell Responses Are First
Activated in the PP
After adoptive transfer of S. typhimurium flagellin-spe-
cific T cells (McSorley et al., 2002) into C57BL/6 mice,
a small population of CD4+CD90.1+ SM1 T cells could
be detected in the mesenteric lymph nodes (MLNs)
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624Figure 1. Salmonella-Specific T Cells Are
Rapidly Activated in Mucosal Tissues
C57BL/6 mice were adoptively transferred
with SM1 T cells and infected orally with Sal-
monella.
(A) Plots show representative MLNs from
uninfected (Transfer Only) and infected (In-
fected) mice 12 hr later. Left plots show the
box gate for detection of SM1 T cells, and
the other plots show the expression of activa-
tion markers after gating only on SM1 T cells.
Numbers show the percentage of cells within
the boxed gate. Data are similar to three mice
per group and three other separate experi-
ments.
(B–D) PPs and MLNs were harvested at vari-
ous times after oral infection. Plots show (B)
bacterial burden, percentage of (C) CD69+,
and (D) CD25+ SM1 T cells (using similar
gates to those in [A]) and show mean 6 SD
of four mice per time point. Please note loga-
rithmic scale in (B).
(E) PPs and MLNs were harvested 3 days
after oral infection. Plots show SM1 T cell de-
tection in each tissue of uninfected (Transfer
Only) or infected (Salmonella) mice and are
representative of three similar mice per group
and three separate experiments.(Figure 1A, upper left panel). Naive SM1 cells in the
MLNs of uninfected C57BL/6 mice expressed low sur-
face levels of CD69 and CD25 (Figure 1A, upper panels),
which increased markedly 12 hr after oral infection with
S. typhimurium (Figure 1A, lower panels). As early as 6 hr
following oral gavage, S. typhimurium were consistently
detected in the PPs but not MLNs, where bacteria first
appeared 9–12 hr after infection (Figure 1B). The fre-
quency of SM1 T cells remained similar in the PPs and
MLNs of infected and uninfected mice at every time
point examined during the first 24 hr after infection
(Figure S1). However, the percentage of CD69+ SM1
T cells increased in the PPs as early as 6 hr following
S. typhimurium infection and remained elevated for
24 hr (Figure 1C). Most PP SM1 cells also increased sur-
face CD25 expression, although this took slightly longer
than the upregulation of CD69 expression, reaching a
peak 12 hr after infection (Figure 1D). SM1 T cell activa-
tion in the MLNs typically occurred 6 hr after SM1 activa-
tion in PPs (Figures 1C and 1D). This short delay in MLN
activation corresponded to a delay in S. typhimurium
infection of the MLNs (Figure 1B). The rapid activation
of T cells in the PPs and MLNs led to the eventual expan-
sion of SM1 T cells at both sites 3 days after oral infec-
tion (Figure 1E).
DCs Are Required for Activation and Expansion
of Pathogen-Specific T Cells in the Intestine
We examined the role of gut associated lymphoid tissue
(GALT) DCs in the activation of S. typhimurium-specific
T cells by using CD11c-DTR transgenic mice that ex-
press the diphtheria toxin receptor and GFP under con-trol of the murine CD11c promotor (CD11c-DTR) (Jung
et al., 2002). Bone marrow chimeras were established
in irradiated C57BL/6 recipients by using marrow from
CD11c-DTR or nontransgenic mice as previously de-
scribed (Zammit et al., 2005). DT treatment eliminated
the majority of CD11c+ cells from the PPs of CD11c-
DTR but not wild-type (wt) chimeras (Figures 2A and
2B and data not shown). As was observed with unma-
nipulated C57BL/6 mice (Figure 1), SM1 T cells in the
PPs and MLNs of DT-treated wt chimeras increased sur-
face expression of CD69 and CD25 12 hr after oral infec-
tion with S. typhimurium (Figures 2C and 2D). Therefore,
the establishment of chimerism or treatment with DT did
not significantly alter S. typhimurium-specific T cell acti-
vation in vivo. Increased CD69 and CD25 expression in
response to oral infection did not occur in DT-treated
CD11c-DTR chimeras, demonstrating an absolute re-
quirement for CD11c+ DCs for early T cell activation (Fig-
ures 2C and 2D). Similarly, the expansion of SM1 T cells
3 days after oral infection with S. typhimurium was
severely inhibited in mice lacking DCs (Figure 3).
SM1 T cells could be activated to express CD69 in
CD11c-DTR chimeras not treated with DT (Figures 2C
and 2D), demonstrating that DCs derived from trans-
genic bone marrow have the capacity to activate SM1
T cells in vivo.
CCR6+ DCs Are Restricted to PPs and Are Rapidly
Recruited into the Follicle-Associated Epithelium
upon S. typhimurium Infection
DC subsets in the intestine can be distinguished based
on chemokine receptor expression. CCR6+ DCs have
Intestinal Dendritic Cells in Mucosal Infection
625Figure 2. Dendritic Cells Are Required for
Rapid Activation of Salmonella-Specific T
Cells in GALT
Wild-type (WT BMQ) and DTR (CD11c-DTR
BMQ) BM chimeras were injected with a sin-
gle dose of 4 ng/g bodyweight of DT and
adoptively transferred with SM1 T cells 6–8
hr later. Mice were infected orally the follow-
ing day with Salmonella, and PPs and MLNs
were harvested 12 hr later.
(A and B) PPs were harvested prior to adop-
tive transfer and DCs identified as MHCII+
CD11c+ (gated cells). Plots show (A) PP
MHCII+ cells from CD11c-DTR chimeras
with and without DT treatment and (B) the
mean number 6 SD of DCs in the PPs of
each group of mice.
(C and D) Plots show the mean percentage6
SD of CD69+ or CD25+ SM1 T cells in the (C)
MLNs, and (D) PPs of uninfected or infected
BM chimeras 12 hr after oral infection. SM1
and activation marker gates were set similarly
to those shown in Figure 1A. These data are
similar to three other separate experiments.been identified in the PPs, while CX3CR1
+ DCs populate
the entire lamina propria of the intestine and sample the
intestinal microbiota through transepithelial dendrites
Figure 3. DCs Are Required for the Expansion of Salmonella-Spe-
cific T Cells in the GALT
Wild-type (WT BMQ) and DTR (CD11c-DTR BMQ) BM chimeras were
injected with 4 ng/g body weight of DT and adoptively transferred
with SM1 T cells 6–8 hr later. Mice were infected orally the following
day with Salmonella, and PPs and MLNs were harvested 3 days
later. Plots show the percentage of SM1 T cells in uninfected or in-
fected wild-type (WT BMQ) or CD11c-DTR (CD11c-DTR BMQ) BM
chimeras and are similar to three individual mice per group.(Iwasaki and Kelsall, 1999a; Kelsall and Strober, 1996;
Niess et al., 2005). However, it is not clear whether one
particular subset or both participate in the activation of
pathogen-specific T cells following oral infection with
invasive pathogens.
Analysis of living intestinal tissues of ccr6GFP/+ and
cx3cr1GFP/+ mice revealed that CCR6 expression char-
acterizes the immune compartment of PPs. CCR6+
DCs and B cells were found in PPs, while CX3CR1
+
DCs populated the entire lamina propria (LP) as well as
PPs (Figures 4A, 4B, and 4C and Figure S2). CCR6+
DCs are a distinct subset from CX3CR1
+ DCs, which
lack expression of CCR6 (Figure 4 and Figure S2).
CCR6+ DCs were not recruited to the lamina propria
upon Salmonella infection, suggesting that CCR6+ DCs
play a defined role in PP-dependent adaptive immune
activation against entero-invasive pathogens (Figure 4
and Figure S2).
In ccr6GFP/+ and ccr6GFP/GFP mice, only small GFP
positive lymphocytes were occasionally observed
within the FAE or the dome regions of PPs (Figures 5A
and 5B and Figure S3). In contrast, CX3CR1
+ DCs were
closely associated with the follicle-associated epithe-
lium (FAE) (Figure S2A). Surprisingly, infection with
S. typhimurium caused rapid recruitment of CCR6+
DCs into the FAE of PPs but not into the lamina propria
(Figures 5C, 5D, and 5G–5L and Figure S2C).
Thirty six hours after S. typhimurium infection, M cells
were depleted from the FAE of ccr6GFP/+ mice and a large
number of CD11c+/CCR6+ DCs were observed in the
dome region, the FAE itself and interfollicular regions
(Figures 5C and 5D). Infection-mediated recruitment of
these cells required expression of functional CCR6
since CCR6/GFP+ DCs were absent from the FAE of
Immunity
626Figure 4. CCR6 Expression Characterizes
the Immune System of PPs
(A) Confocal fluorescence imaging of living
small intestinal mucosa and PPs of
cx3cr1
GFP/+ and ccr6GFP/+ mice before and
12 hr after oralS. typhimurium infection. Iden-
tical studies at 1 hr following bacterial infec-
tion produced similar results (data not
shown). Red signal indicates epithelial sur-
face staining by Texas-red-labeled wheat
germ agglutinin (WEA).
(B) Flow cytometric analysis of leukocytes
isolated from the lamina propria or (C) from
PPs of ccr6GFP/+ mice after CD11c and
CD19 staining.ccr6GFP/GFP mice after challenge with S. typhimurium
(Figures 5E and 5F and Figure S3). Recruitment of
CCR6+ DCs to the FAE occurred rapidly following infec-
tion, and multicellular aggregates of CCR6+ cells were
detected in the FAE within 12 hr of infection before the
depletion of M-cells occurred (Figures 5M and 5N).
CCR6+ DCs infiltrating the epithelium were large cells
that extended several processes, had an average vol-
ume of 3786 6 1511 mm3 (n = 21), and were found in di-
rect contact with smaller lymphocytes with an average
volume of 353 6 178 mm3 (n = 25) (Figure S3). These
data suggested that local DC-T cell complexes formed
beneath the FAE shortly after infection with S. typhimu-
rium. Indeed, adoptively transferred Salmonella-spe-cific SM-1 T cells were integrated into these large
CCR6+ DC complexes within 12 hr of oral infection
with S. typhimurium (Figures 5O and 5P and Figure S3).
CCR6 Deficiency Impairs the Activation
and Expansion of Salmonella-Specific T Cells
Given the rapid establishment of CCR6+ DC/SM1 cell
clusters in the FAE following S. typhimurium infection,
we sought to establish whether CCR6 expression was
required for the activation of S. typhimurium-specific
T cells in the PPs and MLNs. SM1 T cells were adoptively
transferred into CCR6-deficient or wt mice prior to oral
infection with S. typhimurium. A similar percentage of
SM1 T cells could be detected in the peripheral
Intestinal Dendritic Cells in Mucosal Infection
627Figure 5. CCR6+ DCs Migrate into the FAE in
Response to Salmonella Infection
(A–F) Three-dimensional analysis of confocal
microscopic image series from living tissues
of the most distal PPs in ccr6GFP/+ and
ccr6GFP/GFP mice before and after oral S. ty-
phimurium infection. (A), (C), and (E) show
3D reconstructions viewed from the top (lu-
minal side), and (B), (D), and (F) from the side.
(G–L) CD11c Immunofluorescence from ace-
tone-fixed tissues of the follicle associated
dome regions in ccr6GFP/+ mice before and
after oral S. typhimurium infection. (G–I) Con-
focal images before S. typhimurium infection
and (J–L) 12 hr after S. typhimurium infection.
Arrows indicate recruited CCR6+CD11c+
DCs.
(M–P) Three-dimensional analysis of the
dome region of PPs in ccr6GFP/+ mice after
oralS. typhimurium infection. Living intestinal
tissues where incubated with Rhodamine-
labeled Ulex europaeus type I lectin (UEA 1)
to stain M cells. Arrows indicate the basal
membrane; asterisk, intraepithelial DCs.
(O and P) Three-dimensional analysis of PPs
in ccr6GFP/+ mice 24 hr after transfer of Cell-
Tracker-blue-labeled SM-1 transgenic T cells
and 12 hr after S. typhimurium infection.
Quicktime movies of 3D renderings are sup-
plied as Supplemental Data.lymphoid tissues of both CCR6-deficient and wt recipi-
ents (Figure 6C, Transfer Only), indicating that lymph
node homing occurred normally in the absence of
CCR6. As described above, SM1 T cells in the PPs of
wt mice rapidly increased expression of CD69 in re-
sponse to oral S. typhimurium infection (Figures 6A
and 6B). In contrast, the induction of CD69 on SM1 T
cells was reduced in CCR6-deficient mice following S.
typhimurium infection (Figures 6A and 6B). Furthermore,
a profound reduction in SM1 T cell expansion was ob-
served in the PPs and MLNs of CCR6-deficient mice
compared to wt, 3 days after infection (Figure 6C). How-
ever, although CCR6 expression was required for T cell
activation in the GALT after oral infection with Salmo-
nella, it was not required when mice were infected intra-
venously. SM1 T cells in the spleen of wt and CCR6-de-
ficient mice expanded, increased expression of CD11a,and diluted CFSE to a similar extent following Salmo-
nella infection by the IV route (Figure S4A).
Given the deficiency in GALT SM1 T cell responses, it
was important to establish that S. typhimurium can ac-
tually attach to and penetrate the PPs of CCR6-deficient
mice. The number of bacteria detected in the PPs and
MLNs 12 hr after oral infection of CCR6-deficient mice
was similar to wt mice (Figure S4B), indicating that
CCR6 was not required for bacterial entry into the PPs
or spread to the MLNs. Furthermore, DCs from CCR6-
deficient mice displayed no deficiency in the uptake of
Salmonella compared to wt DCs (data not shown). De-
spite similar starting bacterial loads, we detected
slightly lower numbers of bacteria in the PPs and
MLNs of CCR6-deficient mice 3 days after oral S. typhi-
murium infection (Figure 7A). Although this difference in
bacterial numbers was relatively small and occurred
Immunity
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T cells in CCR6-deficient and wt mice over a 25-fold
dose range as limited access to antigen could possibly
be responsible for lack of SM1 activation in CCR6-defi-
cient mice. SM1 T cells expanded in the PPs of wt
mice challenged with 43 108, 23 109, and 13 1010 bac-
teria, greater expansion occurring in response to higher
doses (Figure 7B). These data are in agreement with our
previously published reports with this system (Sriniva-
san et al., 2004b). However, a defect in the expansion
of SM1 T cells was observed in CCR6-deficient mice at
all doses of Salmonella administered (Figure 7B). SM1
T cells in the PPs of wt mice also had increased expres-
sion of CD11a and had undergone several rounds of cell
division 3 days after infection with different doses of S.
typhimurium (Figure 7B). In contrast, only a small pro-
Figure 6. Expression of CCR6 Is Required for Activation of Salmo-
nella-Specific T Cells in GALT
Wild-type or CCR6-deficient mice were adoptively transferred with
SM1 T cells and infected orally with Salmonella.
(A) Plots show PPs from uninfected (Transfer Only) and infected (In-
fected) mice 12 hr later. Left plot shows representative box gate for
detection of SM1 T cells, and other FACS plots show expression of
activation markers after gating on SM1 T cells. Data are similar to
three other individual experiments.
(B) Plot shows pooled CD69 activation data from three different ex-
periments. Each bar represents the mean and standard deviations
(SD) of eight to ten mice per group.
(C) Plots show SM1 T cells in MLNs and PPs from uninfected (Trans-
fer) or infected (oralSalmonella) mice 3 days after oral administration
of Salmonella. Each plot is representative of three to four mice per
group and three individual experiments.portion of SM1 T cells increased CD11a expression
and diluted CFSE in CCR6-deficient recipients chal-
lenged with S. typhimurium (Figure 7B).
Lastly, we examined whether CCR6 deficiency had
any effect on bacterial numbers in the spleen and liver,
the major sites of bacterial replication in vivo. Indeed,
CCR6-deficient mice were found to have significantly
higher bacterial burdens the liver at day 3 post infection
(Figure 7C), suggesting a protective role for CCR6-medi-
ated intestinal T cell activation in vivo.
Figure 7. Alteration of Infectious Dose Does Not Affect the Require-
ment for CCR6 in T Cell Activation
(A) Wild-type and CCR6-deficient mice were orally infected with 13
1010 Salmonella, and the number of viable bacteria examined in the
PPs and MLNs 3 days later. Plots show the mean and SD of the ab-
solute number of Salmonella per MLN or combined PPs per mouse.
Data points represent three mice per group and are similar to two
other experiments.
(B) Wild-type or CCR6-deficient mice were adoptively transferred
with SM1 T cells, infected orally with 4 3 108–1 3 1010 Salmonella,
and PPs harvested 3 days later. Plots show the percentage of
SM1 T cells in the PPs (top plots) or CD11a expression and CFSE-
dye dilution after gating on PP SM1 T cells (bottom plots). Data
are similar to three to four mice per group and two individual exper-
iments.
(C) Wild-type and CCR6-deficient mice were orally infected with 13
1010 Salmonella, and the number of viable bacteria examined in the
spleens and liver 3 days later. Plots show the mean and SD per organ
of 15 mice per group, and asterisk indicates statistically significant
difference between data sets.
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Despite the importance of the GALT as an inductive site
during exposure to microbial pathogens, relatively little
is known about the early processes of T cell activation
in this location. DCs have been shown to capture orally
administered antigens in mucosal sites, and purified
DCs from mucosal tissues can activate T cells in vitro
(Fleeton et al., 2004b; Hopkins et al., 2000; Kunkel
et al., 2003; Liu and MacPherson, 1993; Pron et al.,
2001). However, our data demonstrate an essential re-
quirement for DCs in the induction of a mucosal T cell re-
sponse in vivo and suggest a key role for PP DCs in the
establishment of protective immunity to mucosal patho-
gens. The host defense against enteroinvasive patho-
gens likely involves a number of macrophage and DC
subsets, each of which may present antigen. However,
presentation in the absence of DCs is insufficient to sup-
port S. typhimurium-specific T cell activation and clonal
expansion in the mucosal immune system.
Various models have been proposed to explain micro-
bial antigen acquisition by PP DCs (Fleeton et al., 2004a;
Iwasaki and Kelsall, 1999b; Ravindran and McSorley,
2005; Yrild and Wick, 2000). Most predict that infection
will stimulate directed migration of PP DCs away from
the subepithelial dome and toward the interfollicular re-
gion (IFR). In marked contrast, our data reveal that a DC
subset is rapidly recruited toward the subepithelial
dome within hours of oral infection. Such migration is
CCR6 dependant since CCR6+ PP DCs in homozygous
GFP-knockin mice do not redistribute to the FAE after
S. typhimurium infection. Furthermore, this migration
occurs despite the presence of a resident CX3CR1
+ DC
subset already situated beneath the FAE. Although ini-
tial reports suggested that CCR6 expression was re-
quired for constitutive DC migration to the subepithelial
dome (Cook et al., 2000; Varona et al., 2001), a subse-
quent report using a more sensitive histological tech-
nique observed no defect in DC migration (Zhao et al.,
2003). Indeed, CD11c+CD11b+ DCs were detected in
the subepithelial dome region of the PPs of four different
CCR6 deficient lines (Zhao et al., 2003). Our data help
reconcile these observations by demonstrating that
two distinct DC subsets in PPs are distinguished by ei-
ther expression of CCR6 or CX3CR1. Both of these DC
subsets accumulate in the subepithelial dome, one us-
ing a constitutive process and the other being depen-
dent on CCR6 expression and local inflammation for mi-
gration. These two populations are distinct since CCR6+
DCs are not found in the lamina propria, and CX3CR1
+
PP DCs do not coexpress CCR6.
While CCL20 is expressed by intestinal epithelium in
response to Salmonella exposure (Sierro et al., 2001)
and CCR6 expression characterizes the immune com-
partment of PPs, additional signals appear to organize
the distribution of immune cells within PPs. For exam-
ple, although PP B cells express CCR6, they do not ag-
gregate beneath the FAE but appear distributed
throughout the PP under homeostatic conditions.
Therefore, despite the absolute requirement for CCR6
expression for DC recruitment to the dome, it seems
likely that other chemokine receptor-ligand pairs play
an additional role in defining the distribution of lympho-
cytes within the immune compartments of PPs.CX3CR1
+ DCs are located in the PP subepithelial
dome and FAE of uninfected mice where they are ideally
situated to capture incoming antigens. However, our
data demonstrate that CCR6+ DCs in PPs are responsi-
ble for the early activation and proliferation of pathogen-
specific T cell responses in the GALT. The role of the res-
ident FAE CX3CR1
+ DCs during adaptive host responses
remains to be determined, but these DCs may be in-
volved in steady-state antigen acquisition from luminal
contents and tolerance induction under homeostatic
conditions or innate defense activation in response to
mucosal pathogens. A recent report demonstrated
that close association of dendritic cells with intestinal
epithelial cells generates a noninflammatory DC pheno-
type (Rimoldi et al., 2005). It seems possible that PP
CX3CR1
+ DCs are ‘‘conditioned’’ in such a manner by
their close association with epithelial cells, generating
a need for CCR6+ DC migration toward the FAE for
the induction of a pathogen-specific immune response
in vivo.
Our experiments have not addressed direct Salmo-
nella entry into the lamina propria via invading the epi-
thelium or DC processes that extend across the epithe-
lial layer (Rescigno et al., 2001; Vazquez-Torres et al.,
1999). Lamina propria CX3CR1
+ DC engage the bacteria
in the lamina propria and have been demonstrated to
carry commensals and pathogens to MLNs (Niess
et al., 2005). Therefore, our data do not rule out the pos-
sibility that CX3CR1
+ DCs are involved in mediating Sal-
monella-specific T cell activation at later time points af-
ter infection or in other secondary lymphoid tissues.
CCR6-deficient mice are reported to have a reduced
number of PP domes, B cells, and M cells, compared
to wt mice (Lugering et al., 2005; Varona et al., 2001).
However, differences in bacterial entry or replication
do not explain defective T cell activation in CCR6-defi-
cient mice since S. typhimurium-specific T cells re-
mained unresponsive across a large challenge dose
range. Furthermore, bacterial entry into the PPs of
CCR6-deficient mice at 12 hr after infection was similar
to wt mice, demonstrating that initial entry of bacteria
to the PP is not CCR6 dependant. From these data, it
seems unlikely that CCR6+ DCs acquire bacteria by ex-
tending processes directly into the lumen, although we
have not formally ruled out this possibility. Our data
seem more consistent with a model where CCR6+ DCs
engulf bacteria after bacterial M cell entry has already
occurred.
CCR6 mediated migration to the FAE, and lack of SM1
T cell activation in the PPs correlates with enhanced
susceptibility of CCR6-deficient mice to S. typhimurium
infection. Surprisingly, we also detected slightly fewer
bacteria in the PPs of CCR6-deficient mice 3 days after
infection. It is possible that the absence of CCR6 di-
rected T cell activation in the PP allows for greater bac-
terial dissemination away from the PPs by macrophages
or other DC subsets, causing a small reduction in bacte-
rial numbers in the PPs and enhanced bacterial loads in
the liver. Thus, the primary function of activated Salmo-
nella-specific T cells in the PPs may be to limit initial
bacterial dissemination to other tissue sites. Alterna-
tively, activated PP T cells may migrate to the liver and
mediate bacterial killing outside the intestine. Whatever
the mechanism, our data indicate that CCR6-dependent
Immunity
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portant part of the defense against enteroinvasive path-
ogens. It remains possible that other DC subsets partic-
ipate in T cell activation in other lymphoid tissues or at
later times after infection. Indeed, we think it likely that
defense against enteroinvasive pathogens will involve
the simultaneous engagements of distinct DC subsets
in both the PP and lamina propria, each of which may
have a limited ability to mediate immediate or late acti-
vation of T cells or may participate in innate immune
clearance.
In conclusion, PPs contain a distinct DC subset that is
absolutely required to initiate rapid local S. typhimu-
rium-specific CD4 T cell activation. CCR6 facilitates
the attraction of this DC subset into the FAE and is es-
sential for the recognition of mucosal pathogens by T
cells in PPs. These CCR6-dependent adaptive immune
responses are a critical component of the mucosal de-
fense against entero-invasive pathogens.
Experimental Procedures
Mouse Strains
SM1 Rag-deficient TCR transgenic C57BL/6 mice expressing the
Thy1.1 or CD45.1 allele (McSorley et al., 2002; Srinivasan et al.,
2004a) and CCR6-GFP mice (Kucharzik et al., 2002) have been re-
ported previously. CD11c-DTR transgenic mice (Jung et al., 2002)
and CX3CR1-GFP transgenic mice (Jung et al., 2000) were provided
by Drs. Steffen Jung and Dan Littman (Skirball Institute, New York,
NY), and CCR6-deficient mice (Cook et al., 2000) were provided by
Dr. Sergio Lira (Schering-Plough Research Institute, NJ). C57BL/6
mice were purchased from the National Cancer Institute (Frederick,
MD) and used at 8–16 weeks of age. All mice were housed in specific
pathogen-free conditions and cared for in accordance with institu-
tional and NIH guidelines.
Bone Marrow Chimeras
Femurs and tibias were harvested from DTR transgenic or nontrans-
genic mice, and bone marrow recovered with a syringe. A single cell
suspension was generated with a nylon screen. RBCs were lysed
with ACK lysis fluid, and cells suspended in HBSS supplemented
with HEPES, L-glutamine, Pen/Strep, and gentamycin. Mature T
cells were removed by incubation with anti-CD90 ascites fluid
(T24) followed by Low-Tox-M rabbit complement (Cedarlane Labo-
ratories, Ontario, Canada) for 45 min at 37ºC. After washing, cells
were resuspended between 10 3 106 and 25 3 106 cells/ml. Recip-
ient mice were irradiated (1000 rad), and bone marrow cells trans-
ferred by IV injection (2 3 106 to 5 3 106/mouse). Mice were rested
for 8 weeks before use in experimental protocols.
Treatment of Mice with DT
Mice were administered DT (Sigma, St Louis, MO) in saline by i.p. in-
jection (4 ng/g bodyweight). DTR and wild-type bone marrow chi-
meras were administered two doses of DT 3 days apart, beginning
1 day prior to S. typhimurium infection.
Adoptive Transfer of SM1 T Cells
Spleen and lymph node cells (inguinal, axillary, brachial, cervical,
mesenteric, peri-aortic) were harvested from SM1 Rag-deficient
CD90.1 congenic (or CD45.1 congenic) TCR transgenic mice, and
a single cell suspension generated by gentle homogenization over
a nylon screen. A small aliquot of these cells was stained with anti-
bodies to CD4, CD90.1, CD45.1 (eBioscience, San Diego, CA), and
Vb2 (BD Biosciences, San Diego, CA), and the frequency of SM1
cells determined by flow cytometry with a FACSCalibur (Becton-
Dickenson, Mountain View, CA). For in vivo imaging, SM1 transgenic
T cells were labeled with 30 mg/ml CellTracker Blue CMAC (7-amino-
4-chloromethylcoumari; Molecular Probes). Spleen and lymph node
suspensions were diluted so that 2–5 3 106 SM1 T cells were in-
jected intravenously into recipient mice in a volume of 200 ml. Inmost experiments, SM1 cells were also stained with CFSE (Parish,
1999) prior to adoptive transfer.
S. typhimurium Infection
Virulent (SL1344) or AroA2D2 attenuated (BRD509) S. typhimurium
were grown overnight in LB broth without shaking, and OD600 read-
ings of the culture used to estimate bacterial concentration. Bacteria
were recovered by centrifugation, diluted in PBS, and used to infect
mice orally, as previously described (McSorley et al., 1997). Immedi-
ately prior to administration of 53 109–13 1010 bacteria by gavage,
mice were given 0.1 ml of a 5% sodium bicarbonate solution to neu-
tralize stomach acidity. For intravenous infections, 5 3 105 bacteria
were injected into the lateral tail vein. In all infection experiments, the
actual dose of bacteria administered to mice was confirmed by plat-
ing serial dilutions of the sample on MacConkey agar plates.
Recovery of SM1 T Cells and S. typhimurium
At various times after infection, PPs, MLNs or spleens were har-
vested in Eagle’s Hanks Amino Acids Medium (EHAA) (Biofluids,
Rockville, MD) containing 2% fetal bovine serum and 5 mM EDTA.
Serial dilutions of each tissue sample were plated onto MacConkey
agar plates (Difco, Detroit, MI) and incubated at 37ºC to determine
bacterial colonization. Remaining cells were then counted, diluted
(5 3 106/tube), and stained for flow cytometric analysis.
Isolation of PPs and Small Intestinal Lamina Propria DCs
PPs (approximately 8–12 per mouse) were dissected 24 hr following
DT treatment. Organs were subjected to digestion with collagenase
D (Roche, Indianapolis, IN) at 37ºC for 20–60 min. PPs were crushed
between frosted glass slides, washed twice in PBS with 1% BSA and
0.01% NaN3, and then cells were stained with a cocktail of anti-
bodies. Small intestines were inverted on polyethylene tubes (outer
diameter 2.08 mm, Becton Dickenson), washed with calcium and
magnesium-free phosphate buffered Saline (PBS; Bio Whittaker),
and the mucus removed with 1 mM dithiothreitol (DTT; Sigma).
The intestinal epithelium was eluted with 30 mM EDTA, followed
by digestion of the tissue with 36 U/ml type IV collagenase (Sigma)
and 150 mg DNase I (Roche) in 5% FCS/DMEM for 90 min at 37ºC
in a 5% CO2 humidified atmosphere. The digested tissue was
passed through a Cell Strainer (40 mm Nylon; BD Falcon) and washed
with Dulbecco’s modified Eagle’s medium (DMEM; Cellgro). Final
OptiPrep density centrifugation (r = 1.055 g/ml; Axis Shield) yielded
lamina propria macrophages and DCs.
Flow Cytometry
Cells were incubated on ice for 20–45 min in Fc block (spent culture
supernatant from the 24G2 hybridoma, 2% rat serum, 2% mouse se-
rum and 0.01% sodium azide) in the presence of relevant primary an-
tibodies. Fluoroscein isothiocyanate- (FITC), phycoerytherin- (PE),
CyChrome-, PE-Cy5-, allophycocyanin-, or biotin-conjugated anti-
bodies specific for CD4, CD11a, CD11c, CD25, CD45.1, CD69,
CD90.1, and MHC-II were purchased from eBioscience. Anti-CCR6
antibodies were from Pharmingen. After staining, cells were fixed
in paraformaldehyde, washed, and analyzed by flow cytometry
with a FACSCalibur. Data were analyzed with FlowJo software
(TreeStar, San Carlos, CA).
Confocal Microscopy and 3D Tissue Reconstruction of Living
PPs
M cells or intestinal epithelial cells (IECs) of living mucus-free PPs or
small intestines were stained with Ulex europaeus agglutinin-1
(UEA-1) conjugated with Rhodamin (Vector Laboratories) or with
wheat germ agglutinin (WGA) conjugated with Texas red (Molecular
Probes) at concentrations of 20 mg/ml for 1 hr, and living intestinal
tissues were imaged with a Bio-Rad Radiance 2000 confocal micro-
scope with multitracking (line switching) for two-color imaging.
Hamster anti-mouse CD11c (Serotec) and rabbit-anti-GFP (Santa
Cruz Biotechnology) antibodies were used in 1:50 dilutions. In brief,
5 mm cryostat sections were fixed in acetone (30 s,220ºC), blocked
with 5% donkey serum/PBS, and incubated with primary antibodies
for 2 hr followed by a biotinylated goat anti-hamster and fluorescein
goat-anti rabbit secondary antibody (Vector Laboratories) in 1:250
dilutions for 1 hr at RT and incubated with Texas red Streptavidin
(1:500, 1 hr, RT; Vector Laboratories). Image acquisition was carried
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631out with LaserSharp Scanning Software and 3D reconstructions and
cell volume analysis were completed with Volocity and Slidebook
software.
Supplemental Data
Supplemental Data include figures and eight movies and are avail-
able at http://www.immunity.com/cgi/content/full/24/5/623/DC1/.
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